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Abstract
Following an experiment at the National Superconducting Cyclotron Laboratory at Michigan
State University in October 2016, we study the excited states of the neutron-rich N=28 isotope
43P via inverse-kinematics proton scattering with the NSCL/Ursinus College liquid hydrogen target
and the GRETINA γ-ray tracking array. We discuss preliminary analysis and results, including
measured cross sections for populating excited states of 43P.
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EXPERIMENT
The experiment took place at the National Superconducting Cyclotron Laboratory at
Michigan State University (NSCL). A primary beam of 140 MeV/u 48Ca was incident on
a 1222 mg/cm2 9Be primary target. The resulting fragments formed a secondary beam,
which was separated by the A1900 fragment separator [1]. The secondary beam then passed
through the Ursinus College Liquid Hydrogen Target located at the pivot point of the S800
magnetic spectrograph [2]. Beam particles were identified upstream of the target using
the time of flight from the A1900 extended focal plane scintillator and the S800 object
scintillator to the E1 scintillator, shown in Figure 1. The beam-like reaction products were
identified using energy loss in the S800 ion chamber and the time of flight from the S800
object scintillator to a scintillator in the focal plane of the S800, as shown in Figure 2. The
beam was composed of 45.1% 44S, 45.2% 46Cl, and 8.4% 43P, the latter of which is the focus
of this work.
The GRETINA γ-ray tracking array [3] was focused on the liquid hydrogen target at
the pivot point of the S800. All coincidence events between GRETINA and the S800 were
collected. In addition, all events in the S800 were collected in order to determine the total
number of particles passing through the target during the experiment. In the case of 43P,
the total was 1.39 · 108, or 2420 particles per second.
ANALYSIS AND RESULTS
GEANT4 [4] simulations were used to simulate the beam passing through the target and
the emission and detection of γ-rays. In order to accurately simulate γ-rays emitted in flight
by beam particles slowing down in the target, simulated relative kinetic energy spectra were
fitted to measured spectra. This also allows for determination of the optimal average speed
for Doppler correction of γ-ray spectra.
The liquid hydrogen target consisted of a 30 mm thick aluminum cell, with 125 µm
Kapton entrance and exit windows. Due to the pressure difference between the cell and the
vacuum inside the beam line, the windows deformed, adding to the overall thickness of the
target. To determine the window bulge thickness, simulations varying bulge thickness were
fit to the measured relative kinetic energy spectrum. The relative kinetic energy of the beam
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FIG. 1. Incoming particle identification spectrum generated by the time of flight from the S800
object scintillator (OBJ) on the horizontal axis and that from the A1900 extended focal plane
scintillator (XFP) on the vertical axis. The E1 scintillator in the S800 focal plane stopped both





where KE is the measured kinetic energy of the beam and KE0 is the central kinetic
energy of the S800. In the case of incoming 43P beam, the average relative kinetic energy
is 0.0025 and KE0 = 78.58 MeV/u, meaning the average energy of the beam is KE =
78.78 MeV/u. The momentum spread of the incoming beam was ∆P/P = 2%. Figure 3
shows the experimental relative kinetic energy spectrum of the outgoing 43P particles in
black, compared with a simulated spectrum in blue assuming a 1.2 mm bulge thickness of
the target windows, shown in Figure 4.
Assuming known γ-ray energies [5], the simulated spectrum can then be used to determine
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FIG. 2. Outgoing particle identification spectrum consisting of the energy loss in the S800 ion
chamber versus the time of flight from the S800 object scintillator to the E1 scintillator in the focal
plane of the S800. The red contour is the 43P cut.
the offset of the target along the beam axis. Simulations that varied values for the target
offset were fit to measured γ-ray spectra and minimized to find the optimal offset value for
all γ-ray energies, as shown in Figure 5. For the beam containing 43P, the target offset was
determined to be 7.2 mm.
Once the target offset was determined using known γ-ray energies[5], simulations were
then used to find best-fit energies by varying γ-ray energies and minimizing the figure of
merit from the fit. Known and measured γ-ray energies are compared in Table I. In the case
of the first excited state, the half life of the state was also considered. In addition to varying
energy levels, half life values were also varied in simulations to best fit the peak. The half
life of the first excited state was determined to be 125.6 ps. Figure 6 shows the measured
γ-ray energy spectrum in black, and the the Doppler corrected simulated γ-ray spectrum in
blue, using the optimized energy values.
After γ-ray energies were optimized, the excited states of 43P were placed into a proposed
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FIG. 3. Relative kinetic energy spectrum of 43P with a simulated target bulge thickness of 1.2 mm.
The blue curve is the simulated spectrum, while the black curve shows the experimental spectrum.
energy level diagram. Shown in Figure 7, the energy level diagram includes γ-ray energies
and intensities for each excited state, corresponding to values given in Figure 6. Measured
relative intensities and branching ratios are included in Table I.
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FIG. 4. Simulated values for the target window bulge thickness. The red curve represents a
polynomial fit used to minimize the function and find the bulge thickness of the target.
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FIG. 5. Simulated z offset values for the liquid hydrogen target position. The red curve represents
a polynomial fit used to minimize the function and find the optimal target position.
TABLE I. Level energies, spins and parities, and γ-ray energies from Ref. [5], γ-ray energies,
intensities relative to that of the 2+1 → 0
+
g.s. transitions, branching ratios (BR), and cross sections
from the present work.
Refs. [5] Present work
Elevel [keV] J
π [h̄] Eγ [keV] BR [%] Eγ [keV] Iγ [%] BR [%]
43P 0 1/2+ 24(4) 0 0
184 3/2+ 184(1) 33(2) 189() 100 0
845 (5/2+) 661(4) 4(1) 661(4) 11 36
845(4) 844(8) 47 64
1009 (5/2+) 825(5) 8(2) 820(2) 20 0
1095 (5/2+) 911(6) 20(1) 913(4) 30 0
2035 (5/2+) 1018(6) 7(2) 1018(6) 14 77
1851(11) 1851(11) 4 23
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FIG. 6. Doppler-corrected γ-ray spectrum measured in coincidence with incoming and outgoing
43P particles. The black curve is the measured spectrum, and the blue curve is the fit of the



































FIG. 7. Proposed level scheme for excited states of 43P populated in the present work.
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